The deep-sea mytilid mussel, Bathymodiolus japonicus, harbors methane-oxidizing bacteria in the gill epithelial cells that are transmitted horizontally or environmentally to the next generation of the mussel. It remains to be elucidated how the symbiotic bacteria are maintained under the immune defense system of the host mussels. As hemocytes generally play a major role in the immune system, their characterization is important in understanding the immune defense system of the symbiotic mussel. In hemocytes of B. japonicus, two types of granulocytes and one type of agranulocyte have been reported. To develop biomarkers to identify these hemocyte subpopulations, we generated a monoclonal antibody (mAb) library against mussel hemocytes. We obtained 16 hybridoma clones producing mAbs against the hemocytes. These were divided into six categories based on reactivity to the hemocyte subpopulations. Ten out of 16 mAbs reacted to all of the hemocytes. Four of the remaining six mAbs respectively and exclusively reacted to granulocytes, agranulocytes, a subset of granulocytes, and a subset of agranulocytes. Two of them recognized both granulocytes and agranulocytes but only their subsets. These suggested that granulocytes and agranulocytes are respectively composed of hetetogeneous subsets.
Monoclonal antibodies to hemocytes of deep-sea mussel
In deep-sea hydrothermal vents and seeps, unique symbiotic communities based on chemosynthesis are found (Cavanaugh et al., 1981; Felbeck et al., 1981) . A deepsea mytilid mussel, Bathymodiolus japonicus belonging to the family Mytilidae, harbors methane-oxidizing bacteria in the gill epithelial cells that are transmitted horizontally or environmentally (Fujiwara et al., 2000) . The immune system is essential for protection against pathogenic bacteria and survival. However, it is unknown how the endosymbiotic bacteria are maintained by escaping from the immune defense system of host animals. Hemocytes generally play a major role in an immune defense system, and in bivalves, circulating hemocytes are responsible for both cell-mediated and humoral immunities (Bayne, 1983; Hine, 1999; Muroga and Takahashi, 2007; Takahashi and Muroga, 2008; Donaghy et al., 2009) . Phagocytosis, one of the most important cellular immune responses, has been shown in the hemocytes of Bathymodiolus mussels (Bettencourt et al., 2009; Tame et al., 2015) . In asymbiotic Mytilus mussels (Mytilidae), antimicrobial humoral immune factors from the hemocytes, such as defensin, mytilin and myticin, have been reported (Mitta et al., 1999a (Mitta et al., , 1999b (Mitta et al., , 2000 , in addition to their phagocytic activities (Pipe, 1990; Carballal et al., 1997) . Accumulation of immunological information seems to be a promising strategy in reaching an understanding of the symbiont maintaining mechanism in deep-sea symbiotic bivalves. We have recently reported that hemocytes of B.
japonicus contain two types of granulocytes, basophilic granulocytes and eosinophilic granulocytes, in addition to an agranulocyte (Tame et al., 2015) . They are recognized by observation under light microscopy with conventional hemocyte staining, and by electron microscopy (Tame et al., 2015) . Only the granulocytes showed phagocytic activity, and bound a lectin, wheat germ agglutinin (WGA) (Tame et al., 2015) . To understand the function and tissue distribution of mussel hemocytes, biological markers recognizing functional subpopulations of the hemocytes are mandatory.
Monoclonal antibodies (mAbs) are highly specific molecular probes used in characterization of hemocyte subpopulations.
In Mytilus edulis, some mAbs binding to granulocytes have been generated (Noel et al., 1994; Dyrynda et al., 1997) .
However, this approach has not been developed further, nor is it widely used in invertebrate immunology or symbiosis biology. In the present study, we have generated a mAb library against the hemocytes of B. japonicus, and report mAbs distinguishing particular hemocyte populations. Bathymodiolus japonicus mussels were collected at a seep site off Hatsushima Island in Sagami Bay (35°0.948 N, 139°13.332 E, depth of 861 m), using the remotely operated vehicle (ROV) Hyper Dolphin during cruise aboard the R/V Natsushima (NT10-08, May 11-17, 2010) (Inoue, 2010) . The hemolymph was withdrawn from the posterior adductor muscle using a 5 ml syringe with a 25-gauge needle. After determining cell density with a cell counter, the hemocytes were collected by centrifugation of 5 ml hemolymph at 180 × g for 5 min at 4°C, and stored at −80°C until used. The mAbs were generated by a conventional polyethylene glycol (PEG) method (Galfre and Milstein, 1981) , as described previously (Nakamura et al., 2013) . In brief, the hemocytes (6 × 10 5 cells) were injected into BALB/c mice three times at 2-week intervals. On day 4, after the third injection, the mouse splenic lymphocytes Table. 1. The 16 mAbs were divided into six categories based on the reactive hemocyte subpopulations. Ten mAbs bound to all types of the hemocytes (category i, Table 1 ). The remaining six mAbs, on the other hand, reacted with a subset of the hemocyte population, suggesting the population was composed of multiple subsets. Because the lectin, WGA, has been shown to specifically bind to the granulocytes of B. japonicus (Tame et al., 2015) , the reactivity of the six mAb clones Fig. 1 . The mAb signal appeared only on the WGA(+) hemocytes, and it was clearly observed on the granules (Fig. 1) . Conversely, the mAb Bjh4-2D11 (category iii) signal was observed only in the cytoplasm of WGA(−) hemocytes. The Bjh4-2D11-positive [Bjh4-2D11 (+)] dot-like signals were observed beneath the cell membranes (Fig. 2) . Other four mAbs seemed to recognize a subset of WGA(+) and / or WGA(−) hemocytes. The mAb Bjh4-1F4 signal was found on the membrane in a subset of WGA(+) hemocytes (category iv, Table 1 ). Fig. 3 (a-c) shows images of a Bjh4-1F4 (+) / WGA(+) hemocyte (Fig. 3a) , a Bjh4-1F4 (−)WGA(+) / hemocyte (Fig. 3b) , and a Bjh4-1F4 (−) / WGA(−) hemocyte (Fig. 3c) . The mAb Bjh4-2D6 signal was observed in the cytoplasm only in a subset of WGA(−) hemocytes (category v, Table 1 ). Fig. 3 (d-f) shows images of a Bjh4-2D6 (+) / WGA(−) hemocyte (Fig. 3d) , a Bjh4-2D6 (−) WGA(+) hemocyte (Fig. 3e) , and a Bjh4-2D6 (−) / WGA(−) hemocyte (Fig. 3f) . Both mAbs Bjh4-3B7 and Bjh4-3B12, were bound to a subset of WGApositive and a subset of WGA-negative hemocytes (category vi, Table 1 ). Fig. 4 shows images of mAb(+) / WGA(+) hemocytes (Fig 4a, e) , mAb(−) / WGA(+) hemocytes (Fig. 4b, f) , mAb(+) / WGA(−) hemocytes (Fig. 4c, g ), and mAb(−) / WGA(−) hemocytes (Fig. 4d, h ). The signals of mAb Bjh4-3B7 were observed beneath the cell membrane and cytoplasm (Fig. 4a, c) , but those of mAb Bjh4-3B12 were observed in the cytoplasm (Fig. 4e, g ).
In the present study, we obtained six categories of mAbs that bound to specific hemocyte populations ( 
html>).
The mAb Bjh4-3G2 (category ii) reacted with the granules in the granulocytes (Fig. 1) . The granulocytes in Bathymodiolus 
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mussels have phagocytic activity (Bettencourt et al., 2009; Tame et al., 2015) . The granules are thought to be lysosomes (Tame et al., 2015) . In oyster (Crassostrea virginica) and hard clam (Mercenaria mercenaria), the granules in the granulocytes have been shown to possess lysozyme activity, which is released into hemolymph Cheng and Downs, 1988) , Fig. 2 . Immunofluorescence micrograph of Bathymodiolus japonicus hemocytes bound by the monoclonal antibody (mAb) Bjh4-2D11 (category iii). The hemocytes were triple stained with mAb Bjh4-2D11 (green), wheat germ agglutinin (WGA) (red), and 4', 6-diamidino-2-phenylindole dihydrochloride (DAPI) (blue). mAb Bjh4-2D11 signals (green) were observed in the WGA(−) hemocyte (white arrow) but not in WGA(+) (red) hemocytes (white arrowheads). Scale bar, 5 μm. Keyence fluorescence microscope with the haze reduction function was used.
suggesting that the granules are also involved in humoral immunity. The Bjh4-3G2 mAb most likely reacted with lysosome and may be a good marker of lysosome in B.
japonicus hemocytes. On the other hand, as the function of agranulocyte is unknown, mAb Bja4-2D11 (category iii, Fig. 2 ) may be useful in detecting agranulocyte in various tissues and, hence, in studying its function. In bivalve hemocytes, agranulocyte has often been called as blastlike cell suggesting a possibility of its differentiation to granulocytes (Hine,1999) . This mAb may also be useful to study hematopoiesis or hemocyte differentiation in Bathymodiolus. This is the first report of mAb reacting to agranulocytes in bivalves. The presence of the mAbs that reacted to a subset of WGA(+) and/or WGA(−) hemocytes may indicate that granulocytes and agranulocytes are composed of heterogenous subsets, respectively (Fig. 3, 4) .
Hemocytes of B. japonicus have been reported to contain two types of granulocytes, basophilic and eosinophilic granulocytes (Tame et al., 2015) . We observed that Bjh4-1F4 mAb (category iv) (Fig. 3a-c) bound to only a subset of the granulocytes. However, it was difficult to determine whether the mAb was reacting to the basophilic or eosinophilic granulocytes. Although both of two granulocytes have phagocytic activity, their functional difference remains to be studied (Tame et al. 2015) . If this mAb, Bjh4-1F4, specifically recognizes one of the granulocytes, it would be useful to study their functional difference. In the present study, the antigens of the mAb recognizes were not determined, and thus, should also be further studied. Further studies including generation of mAbs against separated hemocytes by density gradient centrifugation, will be needed to for understanding the immunology of B. japonicus with a reference to the maintaining mechanism of the symbiont. We have reported three types of hemocytes in B. japonicus (Tame et al., 2015) , however, we do not know their differentiation processes.
The mAb library would be important markers not only for the immunological functions of hemocytes but also for their differentiation.
Classification of human leukocytes based on their surface molecules has been studied extensively. 
